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We show experimentally that a dc-biased Josephson junction in series with two microwave res-
onators emits entangled beams of microwaves leaking out of the resonators. In the absence of a
stationary phase reference for characterizing the entanglement of the outgoing beams, we measure
second-order coherence functions for proving entanglement up to an emission rate of 2.5 billion
photon pairs per second. The experimental results are found in quantitative agreement with theory,
proving that the low frequency noise of the dc bias is the main limitation for the coherence time
of the entangled beams. This agreement allows us to evaluate the entropy of entanglement of the
resonators, and to identify the improvements that could bring this device closer to a useful bright
source of entangled microwaves for quantum-technological applications.
PACS numbers: 74.50+r, 73.23Hk, 85.25Cp
Although the link between electrical transport and
emission of radiation has been understood since the in-
vention of electrical lamps, its complete description in the
context of quantum conductors requires a comprehensive
treatment of the conductor itself, of the charge reservoirs
connected to it, and of the electromagnetic modes of the
environment that sustain radiation. Despite numerous
achievements [1–7], a full understanding is still missing
in the general case. A Josephson junction, connected to
a small number of modes originally in the vacuum state,
provides a simple model system for this physics. For a
dc bias V smaller than the gap voltage 2∆/e, no quasi-
particle excitation can absorb the energy 2eV yielded
by the biasing circuit upon the tunneling of a Cooper
pair. As a result, a dc current flows through the junction
only if this energy can be absorbed by creating photons
in the environmental modes [8–11]. Consequently, the
properties of the emitted light depend both on the con-
trol voltage and on the coupling of the junction to the
modes, described by their impedance Re[Z(ν)]. Previ-
ous experiments have shown that shaping Re[Z(ν)] by
microwave engineering allows for the creation of various
non-classical states of light [12–14] and have thereby led
to the emergence of the field of Josephson photonics. In
the case where the junction is connected to two-modes
at frequencies νa 6= νb, setting the voltage bias such that
2eV = hνa + hνb results in the emission of photon pairs,
with one photon created in each mode for each Cooper
pair tunneling. The experimental observation of this
pair-emission mechanism demonstrated that the beams
leaking out of the two resonators have non-classical pop-
ulation correlations [13] but did not provide information
on their quantum phase correlations. Are the two mi-
crowave beams entangled as one could expect ? If so,
what is the meaning of two-mode entanglement in ab-
sence of any phase reference ? In order to characterize
the precise nature of the quantum correlations present in
this unique non-classical two-beam source, we have built
a new measurement setup able to probe entanglement
between the output microwave beams.
The two resonator fields are coherently driven by the
Josephson junction. This driving is described by an effec-
tive two-mode squeezing Hamiltonian, resulting in non-
local quadrature correlations of the emitted light which
we evidence experimentally. However, in our experiment,
the absence of a well-defined phase reference associated
to the dc bias and the thermal diffusion of the squeezing
angle [6] forbids the use of standard techniques to reveal
these correlations [15–22]. To demonstrate entanglement
in a such scenario, without phase stability, we rely on
the measurement of second-order correlation functions
following a detection scheme inspired by Franson inter-
ferometry [23]. A simple entanglement witness based on
these correlators allows us to prove the entanglement be-
tween the outgoing fields.
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CORRELATIONSFig 1: 1 column 8.6 cm scale: x 2
Figure 1: Principle of the experiment. A simple passive superconducting quantum circuit made
of a Josephson junction (green cross and Josephson energy EJ) in series with two microwave
resonators (red and blue LC circuits) having different frequencies na,b, similar coupling aa,b to
the junction (see text), and similar energy leak rates ka,b, is dc-biased by a voltage source V.
Phases j entering the circuit Hamiltonian are also indicated. At a particular voltage (indicated
at the bottom), each Cooper pair 2e passed through the junction (green arrow) creates in a
coherent way a pair of photons ( vertical red and blue wiggles) in the two resonators;
entangled microwave fields ො𝑎 and ෠𝑏 grow in the resonators, as well as two stationnary
entangled microwave beams ො𝑎𝑜𝑢𝑡 and ෠𝑏𝑜𝑢𝑡. By measuring correlations between ො𝑎𝑜𝑢𝑡(t) and
෠𝑏𝑜𝑢𝑡(t), we demonstrate experimentally this effect.
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FIG. 1. Principle of the experiment: A simple supercon-
ducting circuit made of a Josephson junction (green cross -
Josephs n nergy EJ) in series wi h two microwave resonators
(red and blue LC circuits) having different frequencies νa,b,
similar c upling αa,b to the junction (see text), and similar en-
ergy leak rates κa,b, is dc-biased by a voltage source V. Phases
ϕ entering the circuit Hamiltoni n are also indicated. At a
particular voltage (indicated at the bottom), each Cooper pair
2e passing through the junction (green arrow) creates in a co-
herent way a pair of photons (vertical red and blue wiggles)
in the two resonators; entangled microwave fields a and b
grow in the resonators, as well as two stationary entangled
microwave beams aout and bout. By measuring correlations
between aout(t) and bout(t), we experimentally demonstrate
this effect.
The model circuit that we implement in this paper
is presented in Fig. 1: The series combination of a
Josephson junction with Josephson energy EJ, and of
two resonators with different frequencies νa,b but simi-
lar characteristic impedances Za,b and energy leak rates
κa,b = 2piνa,b/Qa,b, is biased by an ideal dc voltage
source V ,
ϕJ + ϕa + ϕb = ϕV ≡ 2eV t/~. (1)
Up to the zero-point energy of the resonators, the re-
sulting time-dependent Hamiltonian of the circuit reads
Hˆ = hνanˆa + hνbnˆb − EJ cos(ϕˆa + ϕˆb − 2eV t/~). (2)
Here ξˆ ∈ {a,b} is the annihilation operator of mode
ξ, nˆξ = ξˆ
†ξˆ is the corresponding number operator, and
ϕˆξ =
√
αξ(e
2ipiνξtξˆ† + h.c.) with αξ = piZξ(2e)2/h. The
coupling constant αξ for the interaction between the
junction and mode ξ plays the same role as the fine struc-
ture constant in quantum electrodynamics. The cos(ϕ)
term of Eq. 2 may be expanded exactly, yielding an in-
finite series of terms oscillating at 2eV/h + mνa + nνb
with {m,n} ∈ Z2. The particular case of interest in
this work is the resonance condition 2eV ' hνa + hνb,
for which the energy delivered by the voltage source for
each tunneling Cooper pair is entirely converted into a
pair of photons, one in each mode. Moving to a frame
rotating with the frequency νa + νb = 2eV/h − δ and
performing a rotating-wave approximation, for a detun-
ing δ small enough compared to νa, νb, we arrive at the
effective Hamiltonian
HˆRWA =
B
2
:
∞∑
k,l
(−1)k+l(αanˆa)k(αbnˆb)l
k!l!(k + 1)!(l + 1)!
e−2ipiδtaˆ†bˆ† : +h.c
(3)
in terms of the creation and annihilation operators, or
equivalently at
HˆRWA =
B
2
(
e−2ipiδtaˆ†bˆ†LˆaLˆb + h.c
)
, (4)
which is more convenient for numerical evaluation. Here,
B = E∗J
√
αaαb with E
∗
J = EJe
−αa+αb2 is a reduced
Josephson energy [14, 24–29], the colons indicate normal
ordering, and Lˆξ =
∑∞
nξ=0
L
(1)
nξ (αξ)/(nξ + 1)|nξ〉〈nξ| is
a diagonal operator involving the generalized Laguerre
polynomials L
(1)
n . In the regime of weak coupling of
the modes αξ  1, and of low resonator populations
αξ〈nˆξ〉  1, the (k, l) 6= (0, 0) terms may be neglected in
Eq. 3 and Lˆξ ' 1ˆ in Eq. 4, such that HˆRWA reduces to
the two-mode squeezing Hamiltonian
HˆTMS =
B
2
e−2ipiδtaˆ†bˆ† + h.c. (5)
The coherent driving term aˆ†bˆ† with absolute ampli-
tude B creates photon pairs in a and b and entangles
the two resonators, as we will show. The correspond-
ing fields leak out at rates κa,b, which brings the res-
onators in a stationary state and form two entangled
beams of light centered on frequencies ' νa + δ/2 and
' νb + δ/2. A natural dimensionless driving strength
is thus β = B/~√κaκb. An input-output model [6] al-
lows us to relate the properties of the outgoing fields
aˆout(ν), bˆout(ν
′) to β, κa,b, and δ. The field quadratures
at frequency ν in the a band are found to be correlated
with field quadratures at frequency ν′ = 2eV/h−ν in the
b band: A sum of properly chosen quadratures of aˆout(ν)
and bˆout(ν
′) displays fluctuations below their value in the
vacuum state. This two-mode-squeezing is predicted to
be the largest at the maximum of the emission spectral
density.
Detection of such a squeezing is usually achieved by fil-
tering the aout(ν) and bout(ν
′) fields in narrow frequency
bands and correlating their quadratures after demodu-
lation [15–22]. In the ideal noiseless bias case, a non-
zero expectation value of the first-order correlation func-
tion (second-order in the fields) 〈aˆoutbˆout(t)〉 ∝ e−2ipiδt
3(where ξˆout(t) =
∫
ξˆout(ν)e
2ipi(ν−νξ)tdν) reveals the cor-
relations between aˆout(ν) and bˆout(ν
′). However, in our
experiment we cannot implement this protocol because
of the thermal fluctuations of the voltage bias, and con-
sequently of δ, which blur correlations between ν and
ν′ faster than we can measure them. Instead, we re-
sort to a measurement scheme analog to the one orig-
inally developed by Franson [23]. We use the particu-
lar second-order correlation function (fourth order in the
fields) 〈aˆ†out(t)bˆ†out(t)aˆout(t + τ)bˆout(t + τ)〉 in which the
unknown phase of aˆout(t+τ)bˆout(t+τ) is compensated by
the counter-rotating phase of aˆ†out(t)bˆ
†
out(t) for time de-
lays τ shorter than the frequency jitter auto-correlation
time. This correlator, thus averages to a finite value for
such time delays and makes it possible to define an entan-
glement witness for the propagating fields. This concept
for the detection of entanglement is not limited to the
present system and can generally be applied to any sys-
tem lacking phase stability.
Starting from a theorem demonstrated in Ref. [30], we
developed an entanglement witness on the basis of the
Franson-type correlator: for any separable state of aout
and bout the following inequality holds∣∣∣g(2)φ (τ)∣∣∣ ≤√g(2)ab (τ)× g(2)ab (−τ) ≡ g(2)ab,sym(τ), (6)
where
g
(2)
φ (τ) =
〈
aˆ†out(0)bˆ
†
out(0)aˆout(τ)bˆout(τ)
〉
/D (7)
and
g
(2)
ab (τ) =
〈
aˆ†out(0)aˆout(0)bˆ
†
out(τ)bˆout(τ)
〉
/D (8)
with D = κanaκbnb and nξ = 〈nˆξ〉. Measuring a viola-
tion of inequality (6) is thus a sufficient condition for aout
and bout to be entangled. Both, |g(2)φ (τ)| and g(2)ab,sym(τ),
initially decay quickly on a scale set by the photon life-
time, which determines for how long photons created by
the same tunneling event are observed. After this initial
decay g
(2)
ab,sym(τ)→ 1 becomes constant, while the further
decay of |g(2)φ (τ)| reflects how phase correlations between
a and b modes are scrambled by the low frequency noise.
This implies that the witness can prove entanglement of
the outgoing modes only if photons leave the resonator
faster than phase coherence is washed out. As the de-
phasing time expected from a cold environment is in µs
range, we design our resonator with energy decay times
of a few nanoseconds.
EXPERIMENTAL SETUP
The implementation of our experiment is shown in
Fig. 2. The Josephson element is implemented as an
Fig2: 1 column 8.6 cm scale: x 2
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FIG. 2. Implementation of the experiment sketched
in Fig. 1: (a) Optical micrograph of the circuit on its sili-
con chip (see text). The green arrow indicates the position of
the SQUID. (b) Scanning electron micrograph of the SQUID
used as a tunable Josephson element. (c) Schematic elec-
trical circuit connecting the chip at 15 mK (green SQUID
and red and blue LC resonators) to room temperature (see
text). (d) Schematic room-temperature setup for heterodyn-
ing and digitizing the outgoing fields. The red and blue filters
are are ∼ 700 MHz wide and centered around νa and νb, re-
spectively. The microwave signals are then down-converted,
amplified and low-pass filtered with a ∼ 600 MHz cut-off fre-
quency and then digitized, as shown by the magenta and cyan
symbols.
Al/AlOx/Al superconducting quantum interferometer
device [SQUID - see Fig. 2(b)] whose Josephson energy
can be tuned by a magnetic flux applied through its loop;
each resonator is made of three cascaded niobium copla-
nar waveguide segments with different wave impedances
[see Fig. 2(a)]. The sample is anchored at the 15 mK
cold stage of a dilution refrigerator and connected [see
Fig. 2(c)] to a low temperature circuitry similar to that
described in [14]. A small current-biased coil applies
the tuning magnetic flux. The sample is voltage-biased
4through two commercial bias-tees (black rectangles) con-
nected to a voltage divider fed by a room-temperature
voltage source and heavily filtered at 0.8 K and 15 mK.
The two emitted beams are available at the capacitive
outputs A and B of the bias-tees. They are then routed
through filters and isolators to a -3 dB hybrid coupler
that sends both of them to two nominally identical am-
plification chains 1 and 2, each equipped with a high elec-
tron mobility transistor (HEMT) amplifier. This Han-
bury Brown-Twiss like setup allows us to reject the un-
correlated noise from the two chains 1 and 2, without
affecting the entanglement. Because the aout and bout
field components along 1 and 2 have well separated fre-
quencies, they do not interfere and can be processed by
the same wideband HEMT.
The room temperature setup [see Fig. 2(c)] is designed
to measure cross-correlation functions of the signals emit-
ted in two frequency bands around νa and νb. Each of the
signal outputs 1 and 2 is further amplified and split into
the two original microwave components (red and blue),
which are then filtered and heterodyned to bring them
in the dc-600 MHz frequency range (magenta and cyan).
The four temporal signals (a1, b1, a2, b2) are finally digi-
tized and post-processed in order to compute power spec-
tral densities (PSD) and time-domain correlators. The
effective acquisition bandwidth of 525 MHz is chosen to
be wide enough to capture most of the short-time fea-
tures of the correlators in inequality (6).
The two resonances at νa = 5.092 GHz and νb =
6.955 GHz as well as their quality factors Qa = 60.8 and
Qb = 97.0, are first obtained in situ from shot noise at
bias voltage above the superconducting gap [14]. They
lead to similar energy leak rates κa = 5.26 × 108 s−1
and κb = 4.51 × 108 s−1. The resonator characteristic
impedances yield similar coupling factors αa = 0.070 and
αb = 0.061.
RESULTS
We first calibrate the overall gains of the four acqui-
sition chains (a1, b1, a2, b2) versus frequency ν, and
measure the real part of the impedance Re[Z(ν)] seen
by the Josephson element. The gains [see Fig. ??(a) in
the Supplemental Material (SM)] display ∼ 3 dB rip-
ples that slightly distort the measured time-domain cor-
relators. The measured Re[Z(ν)] shown in Fig. 3(a,b)
displays two Lorentzian lines centered at νa and νb and
slightly distorted by spurious reflections in the measuring
lines.
We then measure the radiation emitted by each res-
onator in single photon processes corresponding to the
AC-Josephson regime, that is when 2eV ' hνa or hνb,
with a low-enough Josephson energy to ensure that
αξnξ  1, thus avoiding stimulated emission effects
[13]. An example of the corresponding PSDs is shown
in Fig. 3(a,b). Both emission lines display a Gaussian
shape with a standard deviation of σ = 3.3 MHz corre-
sponding to a hσ/2e = 6.8 nV rms bias voltage noise.
This σ value was observed to decrease slowly in time
as the experiment was thermalizing, with sudden raises
at each liquid helium transfer in the cryostat. Comple-
mentary measurements allowed us to attribute this noise
mostly to a parasitic LC mode of the bias-tees around 70
kHz, expected to yield σ =
√
2kBT/Cbias−tee. The low-
est observed value σ = 2.6 MHz corresponds to a 20 mK
temperature of the bias circuit, in reasonable agreement
with the 15 mK temperature of the fridge.
We then set the voltage to the targeted resonance con-
dition 2eV ' hνa + hνb, and observe the simultaneousFig 3: 1 column 8.6cm scale: x 2
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FIG. 3. Characterization of the emission. (a,b) In situ
measured real part of the impedance across the Josephson el-
ement (dashed lines, right axis), and example of measured
(dots) and Gaussian-fitted (lines) power spectral densities
(left axis) recorded separately around 2eV = hνa (a) and
2eV = hνb (b) at small EJ yielding na = 0.34 and nb = 0.39,
respectively. The emission linewidth results from the voltage-
noise induced distribution p(νJ = 2eV/h) of the Josephson
frequency. The corresponding standard deviation σ is the
same for both lines but drifts slowly back and forth over hours
and days. (c) Same real part of the impedance (dashed lines,
right axis) as in (a) , and example of emitted power spectral
density (PSD, thick lines) at 2eV = hνa + hνb and a driving
strengths β = 0.67 and β = 0.9 corresponding to an aver-
age photon numbers n = 0.4 and n = 1.5. (d) Measured
(symbols) reduced intra-resonator amplitude (red) and emis-
sion width (blue) of the PSDs of Fig. SM ??, compared to the
corresponding analytical expressions (lines) known for Hamil-
tonian (5). (e) Dimensionless pumping strength fitted from
the same PSD versus calibrated one.
5emission around νa and νb, for several driving strengths
β between 0.4 and 1. Figure 3(c) shows two examples
of PSD at β = 0.631 and β = 0.905. The identical
shape of the two peaks of the same pair, their com-
mon total power κana = κbnb = 180 Mphotons/s and
450 Mphotons/s (yielding an average resonator popula-
tion n =
√
nanb = 0.39 and 1.49), as well as their larger
width compared to the single photon case 2eV ' hνa,b,
reflect the emission by photon-pair production. In Sec.
2 of the SM, we show that all the measured PSDs are
well reproduced by the analytical expression computed
from the pure two-mode squeezing Hamiltonian (5). As
shown by Fig. 3(d), we observe a narrowing of the width
of the emission spectra with increasing β, as commonly
observed in AC pumped Josephson parametric amplifiers
[19, 21, 31]. However, as shown by Fig. 3(c) and con-
trarily to what occurs in these devices, the peak emis-
sion frequencies do not shift with increasing pumping
strength, provided that the dc voltage V across the junc-
tion is kept constant (taking into account the voltage
drop across the 342 Ω output resistance of the biasing
circuit shown in Fig. 2). This is due to the absence of
Kerr and cross-Kerr non-linearities in the normal-ordered
Hamiltonian (3) [32]. As shown by Fig. 3(e), fitting the
frequency width of the emitted radiation with the two-
mode squeezing expressions yield a pumping strength β
in quantitative agreement with the one deduced from a
determination of E∗J using the AC Josephson effect[32].
The second-order correlators g
(2)
φ (τ) and g
(2)
ab (τ) are
deduced from the measurements of several correlation
functions, as explained in the SM. Figure 4(a) shows the
corresponding functions
∣∣∣g(2)φ ∣∣∣ and g(2)ab,sym for six driving
strengths β = 0.4, 0.51, 0.67, 0.75, 0.82, 0.9 (and inde-
pendently measured small detunings δ = 6.7, 2.1, -12.1,
1.8, -11.1, and -11.6 MHz) leading to the average res-
onator populations n = 0.10, 0.2, 0.4, 0.7, 1 and 1.5,
respectively. These two correlators coincide at τ = 0
as expected from their definition. They both present an
initial rapid decay over a timescale set by n and the res-
onators lifetime. The correlator g
(2)
ab,sym converges to 1
while
∣∣∣g(2)φ ∣∣∣ subsequently follows a slower Gaussian de-
cay down to zero, as expected from the low-frequency
voltage noise already mentioned. The experimental en-
tanglement witness
∣∣∣g(2)φ ∣∣∣ − g(2)ab,sym > 0 at short time
testifies that the two beams at 5 and 7 GHz are entan-
gled. When increasing β, entanglement was detected up
to n = 5 (data not shown), although full numerical sim-
ulations could not be performed at such high occupation
numbers (cf. Sec. 5 of SM).
ENTANGLEMENT ANALYSIS
In order to probe our theoretical modeling of the
system dynamics and measurement schemes, we per-
form numerical quantum simulations of the dynam-
ics of the circuit using the parameters measured in
the experiment. The steady-state density matrix ρ of
the two resonators is obtained in the Fock state ba-
sis using the Lindblad master equation [33] correspond-
ing to Hamiltonian (3) and to the relaxation super-
operators
√
κaaˆ and
√
κbbˆ. This allows us to check
that the field departs negligibly from Gaussian statis-
tics up to 1 photon in each resonator. Then, using the
quantum regression theorem [34, 35], we simulate the
dimensionless correlators
〈
bˆ†(τ)aˆ†(0)aˆ(0)bˆ(τ)
〉
/(nanb)
and
〈
aˆ†(0)bˆ†(0)aˆ(τ)bˆ(τ)
〉
/(nanb) (see Sec. 5 of SM). Us-
ing the standard input-output theory [36], one can show
that these simulated intra-resonator correlators are actu-
ally equal to the expressions (7) and (8) for the outgoing
fields, immediately at the resonator outputs. We thus
plot in dashed lines the simulated
∣∣∣g(2)φ (τ)∣∣∣ functions in
the panels of Fig.4(a), and observe that they are signif-
icantly above the measured ones at all times. We im-
prove our simulation of the correlators by including in
a simple way (see Secs. 2 and 5 of SM) the previously
measured filtering of our amplification chains. We now
obtain the dotted lines
∣∣∣g(2)φ,filter(τ)∣∣∣, which are in good
agreement with the experiment at short time, but do not
decay to zero at long times. Finally, we also account for
the low-frequency voltage fluctuations: we model them
as a purely static δ noise with Gaussian distribution and
standard deviation σ, and compute the weighted aver-
age of g
(2)
φ,filter(τ) over δ. To a very good approximation,
this averaging simply multiplies the simulated value by
exp
[−2(piστ)2]. As σ was observed to vary slowly in
time, we use it as the only fitting parameter to fit each
experimental g
(2)
φ (τ). The fits shown in Fig. 4(a) are
now satisfactory at all times and yield σ = 2.57, 2.61,
2.40, 4.98, 3.10, and 3.64 MHz (in order of increasing
β or n). This good agreement validates our model of
voltage noise-induced slow dephasing: on a time scale
shorter than τbias−tee ∼
√
Lbias−teeCbias−tee = 2.3 µs,
the pump frequency can be considered as fixed and the
junction creates a standard two-mode squeezed state in
the resonators.
LOG NEGATIVITY AND ENTANGLEMENT
WITNESS
The amount of entanglement between two sub-systems
a and b can be quantified by their log-negativity [37]:
EN = log2(||ρTb ||1), (9)
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FIG. 4. Demonstration of entanglement. (a) Measured
(dots) and simulated (solid lines) two-times fourth-order in
field correlators g
(2)
ab,sym and g
(2)
φ (see text) as a function of
delay τ , for different Josephson energies leading to the in-
dicated population n. Dashed and dotted lines correspond
to simulations without voltage noise and with (dotted) and
without (dashed) filtering by the measuring lines. (b) log2
negativity of the intra-resonator fields as a function of popu-
lation n. Exact value obtained directly from the numerically
simulated density matrix of the system (dashed line), and ex-
perimental (error bars) and simulated (solid line) lower bound
value corresponding to the filtering by the measuring lines (see
text).
where ρTb is the partial transpose of the density oper-
ator ρ of the total system with respect to subsystem b,
and ||.||1 is the trace norm. It is an upper bound on the
number of entangled bits (or e-bits) that can be distilled
from the system. This quantity is directly available from
our numerical simulations of the intra-resonator fields. It
is plotted as a function of n in Fig. 4(b): EN increases
rapidly to a very flat maximum of about 0.8 e-bits be-
tween n = 1 and 2 photons.
In the case of a two-mode squeezed Gaussian state of a
and b, EN can be linked to observable quantities through:
EN = log2
[
1 + na + nb −
√
(na − nb)2 + 4 |〈ab〉|2
]
.
(10)
We first checked that in our simulations using the full
Hamiltonian Eq. 3, the values of EN computed using Eq.
10 agreed with the one computed using Eq. 9 with minute
deviations. This allows us to deduce EN from the g
(2)
φ (τ)
function measured on the outgoing fields. For a noise-
less voltage bias, the correlator in Eq. (10) is given by∣∣∣〈aˆoutbˆout〉∣∣∣2 = κaκb ∣∣∣〈aˆbˆ〉∣∣∣2 = nanbg(2)φ (τ → ∞). Al-
though the measured g
(2)
φ (t→∞) vanishes due to quasi-
static noise, we can retrieve its corresponding noiseless
values by dividing it by the Gaussian envelopes fitted
above (see SM sections 3). The corresponding apparent
log-negativities, shown by the orange error bars in Fig.
4(b), are 40% below the theoretical estimate, shown by
the blue dashed line in Fig. 4(b). This discrepancy is
explained by the fact that they are only lower bounds of
EN, due to the filtering by the lines. This is confirmed
by simulations of
〈
aˆoutbˆout
〉
taking into account the mea-
sured filtering, which yield to a EN(n) curve, shown by
the black solid line in Fig. 4(b), in better overall agree-
ment with the measurements. However, the two points
at 1 and 1.5 photons are markedly below our prediction,
which we attribute to a stronger coupling of the Joseph-
son junction to its low frequency environment. Indeed,
when the detuning δ is positive (negative), the dc differ-
ential conductance of the junction happens to be neg-
ative (positive), which amplifies (cools down) the low
frequency noise of its environment. At positive detun-
ing (and even zero detuning in presence of large voltage
fluctuations), the amplifying effect makes the system un-
stable and hysteretic, all the more easily that the drive
β (and thus n) is large. To avoid this instability, we ac-
tually applied slightly negative detunings to measure the
points at n = 1 and n = 1.5. The junction then cools
down the low frequency environment [38], converting its
energy to the much higher frequencies νA,B, and degrad-
ing the detected entanglement. A systematic and quan-
titative investigation of this effect goes beyond the scope
of the present work, and is left for further investigations.
Although a quantitative account could be reached for
the entanglement witness probed, the absence of a stable
phase reference for the two-mode squeezing does not al-
low us measure sufficiently rapidly the entanglement en-
tropy of each pair of outgoing modes (ν, ν′ = 2eV/h− ν)
[39]. It is nevertheless interesting to estimate the instan-
taneous flux of entanglement entropy, during microsec-
ond long stability periods. We use for this purpose the
squeezing Hamiltonian model (5) that yields emission
[see Fig. 3(d,e)] and entanglement properties (see Fig. 4)
7in agreement with the experimental data. As described
in the Supplemental Material [32], we calculate the en-
tanglement spectral density EN(ν) defined in [39] or the
related density of entropy of formation EF(ν) [40], and
integrate it over the emission bandwidth ∆ν. This pro-
cedure yields a total entanglement flux ΓN(ν) and ΓF(ν)
of about 115 and 103 Mebit/s, respectively. However, we
stress here that this appealing figure of merit compared
to the one achieved with parametric amplifiers or convert-
ers [19, 22, 41] is only an estimate and is not exploitable
by the quantum information protocols presently known,
due to diffusion of the squeezing angle. A possible way
to directly detect the entanglement between the (ν, ν′)
outgoing modes would be to incorporate an additional
Josephson junction sharing the same DC bias and to use
its Josephson radiation as a phase reference.
DISCUSSION
We now discuss the advantages and limitations of our
circuit and its potential developments. We first stress
that our dc-biased circuit does not suffer from the Kerr
non-linearities observed in ac-pumped Josephson para-
metric amplifiers and converters [19, 21, 31]. The non-
linearity of Hamiltonian (3) is of a different nature and
is always easy to repel at higher photon numbers: In
our experiment, the Gaussian character of the emitted
light was ensured up to only 1-1.5 photons in the res-
onators (αξ〈nˆξ〉  1), but lowering by a factor 10 the
impedance of the two-modes (and consequently of the
couplings αa,b), while increasing the Josephson energy
EJ by the same factor, one could make our entangled mi-
crowave source 10 times brighter. Conversely, coupling a
dc biased Josephson junction to several high impedance
resonators such as the one described in [14] would gen-
erate highly non-Gaussian entangled beams of photons
[42], and combining a high and a low impedance mode
has been predicted to stabilize a Fock state of the high
impedance mode with a mere DC bias using the two
photons processes exploited in this paper [43]. Using
Josephson junctions with higher superconducting gaps,
such as NbN [12], should allow to observe the entan-
glement evidenced here up to THz frequencies. Last,
transforming our circuit into a useful source of continu-
ous entangled beams, requires maintaining the stability
of the squeezed two-mode quadrature over long enough
times. This implies a significant reduction of the noise
on the bias-voltage V , which could be done on-chip using
a Shapiro step of an additional Josephson junction.
In a broader picture, it is worth noting that the entan-
glement of the outgoing modes originates from successive
two-photon emission processes associated to Cooper pair
tunneling between superconducting condensates with a
controlled superconducting phase difference. The prop-
erties of the radiation emitted by an out-of equilibrium
quantum conductor arise from charge quantization and
from the quantum correlations of its electronic reservoirs.
The present work is thus a prime example of the emerging
field of mesoscopic quantum electrodynamics of coherent
conductors where numerous interesting phenomena were
already recently predicted and demonstrated for produc-
ing e.g. sub-Poissonian photon sources [12, 14, 44–48],
novel types of lasers [49–52], near-quantum limited am-
plifiers [53, 54], squeezed radiation [2, 3, 5, 55], or new
types of Q-Bits [56], or two-photon losses [57].
As a conclusion, by measuring an entanglement wit-
ness, we were able to show that from a purely classi-
cal voltage source, a non-linear active element was ca-
pable to emit into its environment a flux of entangled
microwave beams at different frequencies. We extracted
a lower bound on the value of the logarithmic negativity
and showed that entanglement is conserved up to 5 pho-
tons present in each resonators, corresponding to a flux
of 2.5 billions photon pairs per second.
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